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Edited by Berend WieringaAbstract We investigated the mechanism by which 3,5-diiodo-
L-thyronine (T2) aﬀects skeletal muscle mitochondrial bioener-
getic parameters following its acute administration to hypothy-
roid rats. One hour after injection, T2 increased both coupled
and uncoupled respiration rates by +27% and +42%, respec-
tively. Top-down elasticity analysis revealed that these eﬀects
were the result of increases in the substrate oxidation and mito-
chondrial uncoupling. Discriminating between proton-leak and
redox-slip processes, we identiﬁed an increased mitochondrial
proton conductance as the ‘‘pathway’’ underlying the eﬀect of
T2 on mitochondrial uncoupling. As a whole, these results may
provide a mechanism by which T2 rapidly aﬀects energy metab-
olism in hypothyroid rats.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Although it has long been known that thyroid hormones
(THs) regulate energy metabolism by increasing respiration
and energy expenditure and by lowering metabolic eﬃciency
[1], several questions remain concerning the molecular basis
of these eﬀects. THs may show genomic and non-genomic ef-
fect (for review see [2]). The molecules that mediate these
non-genomic eﬀects remain to be identiﬁed; however, it has
been demonstrated that at least some of the eﬀects are medi-
ated by iodothyroinines other than triiodo-L-thyronine (T3)
itself, among which 3,5-diiodo-L-thyronine (T2) received atten-
tion [3–15].Abbreviations: THs, thyroid hormones; T3, triiodo-L-thyronine; TRs,
thyroid hormone receptors; T2, 3,5-diiodo-L-thyronine; COX, cyto-
chrome-c-oxidase; Dp, electrochemical proton gradient; PTU, propyl-
thiouracil; IOP, iopanoic acid; TPMP+, triphenylmethylphosphonium;
DW, membrane potential; BSA, bovine serum albumin; FCCP,
carbonyl cyanide p-(triﬂuoromethoxy) phenylhydrazone; RCR, respi-
ratory control ratio; DJ0, extra respiration
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doi:10.1016/j.febslet.2007.11.073Among the eﬀects exerted by T2, its ability to aﬀect whole-
animal metabolic rate is of growing interest. In this context,
we have shown that T2 can (i) rapidly increase the resting met-
abolic rate of hypothyroid rats [7,8,11], (ii) powerfully reduce
adiposity in high-fat fed rats by increasing the burning of fats
[12] and (iii) improve the survival of hypothyroid rats in the
cold [9].
As far as it concerns the ability of T2 to aﬀect resting meta-
bolic rate (RMR), in previous studies we showed that T2 is
able to induce a rapid increase in RMR in a manner that is
independent of new transcription [8,11]. However, the acute
eﬀect of T2 on RMR is only evident when it is injected into
hypothyroid rats as the administration of T2 to euthyroid ones
results in a slight not signiﬁcant increase (7%) in RMR [8,11].
The explanation for this apparent discrepancy is obscure at the
moment and several factors may underlie it. Thus, it may be
that in normal euthyroid rats: (1) T2 is rapidly metabolized;
(2) T2 does not adequately enter the cells and (3) the metabolic
state of the animal (diet composition) may also play a role in
allowing the metabolic eﬀects of T2 to be revealed [12]. Indeed,
when chronically injected into euthyroid rats receiving a high-
fat diet fed rats, T2 was able to induce an increase in energy
expenditure of about 30% [12].
A number of tissues contribute to the animals metabolic
rate, and increases in the mitochondrial activity of these tissues
could account for an enhancement total metabolic rate. A few
investigations have been carried out on the eﬀects of T2 on spe-
ciﬁc tissues [7,9] but studies on skeletal muscle mitochondria
are lacking. Indeed, the contribution made by skeletal muscle
to energy metabolism is an important one, and investigating
the possibility that this tissue might be a target for T2 could
provide signiﬁcant information on the mechanisms by which
T2 increases energy metabolism.
The maintenance of transmembrane ion gradients represents
a major energy cost under steady-state conditions, and indeed
the maintenance of the mitochondrial H+ gradient is one of the
major energy-consuming processes in resting cells. Mitochon-
dria use the energy derived from the oxidation of food mole-
cules to produce an electrochemical proton gradient (Dp)
across the inner mitochondrial membrane. In active cells, this
Dp is used to produce ATP to serve as energy source. In resting
cells, in which ATP consumption is at its lowest level, some
substrate oxidation is in progress but proton pumping counter-
acts the leak of protons across the mitochondrial innerblished by Elsevier B.V. All rights reserved.
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the inner membrane is signiﬁcant, and the oxygen consump-
tion required to maintain Dp in the presence of this proton leak
is an important contributor to energy expenditure [16]. Skeletal
muscle mitochondria exhibit the highest proton leak (among
all tissues) [17] and a change in skeletal muscle mitochondrial
proton conductance could signiﬁcantly aﬀect the energy expen-
diture of the animal.
Another mechanism (i.e. besides proton leak) that is able to
increase mitochondrial oxygen consumption so as to maintain
a given Dp is the so-called ‘‘redox slip’’. This can be observed
when a failure in proton pumping occurs during electron trans-
port, leading to a decrease in the number of protons pumped
per molecule of oxygen consumed (the ratio H+/O). An in-
crease in redox-slip reactions leads to an increase in respiration
not associated with ATP synthesis, and could be a signiﬁcant
factor in the modulation of resting metabolic rate.
Data from several laboratories, including our, support the
direct or indirect involvement of mitochondria in T2s eﬀects
[4–6,10,14,15], thus, we applied top-down elasticity analysis
to study the possibility that T2 could aﬀect bioenergetic
parameters in mitochondria of skeletal muscle from hypothy-
roid rats.
After establishing that T2 administration was able to induce
mitochondrial uncoupling, we set out to discriminate between
proton-leak and redox-slip processes. The results may help to
the identiﬁcation of the biochemical pathways mediating the
eﬀects of T2 on energy metabolism in hypothyroid rats.2. Materials and methods
2.1. Animals
Male Wistar rats (250–300 g) (Charles River) were kept one per cage
at thermoneutrality in a temperature-controlled room at 28 C under a
12-h light, 12-h dark cycle. A commercial mash and water were avail-
able ad libitum. All the experiments were performed in accordance
with local and national guidelines covering animals experiments.
Hypothyroid rats were used throughout and hypothyroidism was in-
duced by the i.p. administration of propylthiouracil (PTU) (1 mg/
100 g bw) for 4 weeks, together with a weekly i.p. injection of iopanoic
acid (IOP) (6 mg/100 g bw) as previously described [7]. At the end of
the treatment, hypothyroid rats have been divided in six groups: group
1 received a single i.p. injection of T2 (25 lg/100 g bw) (referred to as
hypo + T2 rats), group 2 received a saline injection (referred to as hypo
rats), group 3 received simultaneously a single i.p. injection of T2
(25 lg/100 g bw) and actinomycin D (8 lg/100 g bw) referred to as
hypo + T2 + actinomycin D, group 4 received simultaneously saline
and actinomycin D (8 lg/100 g bw) (referred to as hypo + actinomycin
D), group 5 received simultaneously a single i.p. injection of T2 (25 lg/
100 g bw) and cycloheximide (0.5 mg/100 g bw) (referred to as
hypo + T2 + cyclehoximide), group 6 received simultaneously saline
and cycloheximide (8 lg/100 g bw) (referred to as hypo + cyclohexi-
mide). The dose of 25 lg/l00 g bw T2 was used because it produces a
clear-cut, rapid eﬀect on energy expenditure [8]. One hour after the
injection of T2, rats were anesthetized by an i.p. injection of cloral hy-
drate (40 mg/100 g bw) and killed by decapitation. Then, gastrocne-
mius and tibialis muscles were excised, weighed, and immediately
processed for mitochondrial isolation.
2.2. Mitochondria isolation and assays
Skeletal muscle mitochondria were isolated as previously described
[18]. Brieﬂy, tissue fragments were gently homogenized in 5 vol of an iso-
lation medium consisting of 220 mMmannitol, 70 mM sucrose, 20 mM
TRIS–HCL, 1 mM EDTA, 5 mM EGTA (pH 7.4). Then, 1 mg prote-
ase/g tissue (nagarse 12 U/mg protein) was added to the homogenate
and incubated for 4 min at 4 C, after which another 5 vol of isolation
medium were added. The homogenate was later subjected to gentlehomogenization and ﬁltered through a sterile gauze before being centri-
fuged at 500 · g for 10 min at 4 C. The resulting supernantant was cen-
trifuged at 8000 · g. The mitochondrial pellet was then washed twice,
resuspended in a minimal volume, and kept on ice. The protein concen-
tration was determined by the method of Hartree [19].
2.3. Determination of respiratory parameters
State 4 respiration (uncoupled respiration in which there is no phos-
phorylation of ADP to ATP), State 3 respiration (coupled respiration
in which phosphorylation of ADP is at the maximal rate) and the RCR
value (ratio of State 3 over State 4) were measured polarographically
using a Clark-type oxygen electrode. Mitochondrial protein (0.5 mg)
was incubated in 1 ml of respiratory buﬀer (80 mM KCl, 50 mM
Hepes, 1 mM EGTA, 5 mM KH2PO4, 2 mM MgCl2, 4 lM rotenone;
pH 7.0) and energized with a saturating amount of succinate (5 mM)
as substrate. State 3 respiration was then initiated by the addition of
ADP (200 lM). The quality of mitochondrial preparations was as-
sessed by determining RCR values in the presence of 0.3% bovine ser-
um albumin (BSA). The obtained values were of about 5 whatever the
mitochondrial preparations indicating their good quality.
2.4. Determination of the kinetic responses of substrate oxidation,
phosphorylation system and proton leak to a change in membrane
potential
By using top-down elasticity analysis as kinetic approach we con-
sider oxidative phosphorylation as blocks of reactions connected by
the mitochondrial proton-motive force (Dp). The ‘‘substrate-oxida-
tion’’ block (consisting of the dicarboxylate carrier, succinate dehydro-
genase and the respiratory chain) produces Dp, and the ‘‘proton leak’’
block (representing the cation cycles and the leak of protons across the
inner membrane) together with the ‘‘phosphorylating system’’ block
(consisting of adenine nucleotide translocase, phosphate carriers and
ATP synthase) consumes Dp (for more details see Refs. [20,10]). The
above blocks of reactions diﬀer in their eﬀect on coupled and uncou-
pled respiration [17]. In fact, the activity of substrate-oxidation block
aﬀects both uncoupled and coupled respiration, while phosphorylating
system activity aﬀects exclusively coupled respiration, and the proton-
leak block aﬀects uncoupled respiration.
Proton-motive force is the sum of DW and DpH (the pH gradient
across the mitochondrial membrane). To simplify the measurements,
DpH was abolished by the addition of nigericin so that the mitochon-
dria increased DW to compensate, and the whole of the proton-motive
force was expressed as DW. This was determined from the distribution
of the lipophilic cation triphenylmethylphosphonium (TPMP+), which
was measured using a TPMP+-sensitive electrode. A TPMP+-binding
correction of 0.4 (ll per mg protein) was applied for mitochondria from
both hypothyroid control and T2-treated hypothyroid groups. Respira-
tion rate and membrane potential were determined simultaneously in
the aforementioned respiratory buﬀer supplemented by 80 ng/ml nigeri-
cin. Mitochondria were incubated for 3 min before the sequential addi-
tion of TPMP+ up to 4 lM (to calibrate the electrode). Respiration was
then initiated by the addition of 5 mM succinate.
The overall kinetic responses of the reactions involved in substrate
oxidation were evaluated by supplementing the incubation medium
with 1 lg/ml oligomycin and titrating respiration rate with carbonyl
cyanide p-(triﬂuoromethoxy) phenylhydrazone (FCCP) (up to 6 nM).
The kinetic responses of the reactions involved in the proton leak were
evaluated by supplementing the incubation medium with 1 lg/ml oli-
gomycin and titrating respiration rate with malonate (up to
0.5 mM). For evaluation of the kinetic response shown by the phos-
phorylating system to a change in DW, the incubation medium was
supplemented with ADP (600 lM). Respiration rate was then inhibited
by the sequential addition of malonate (up to 0.25 mM) and, at any gi-
ven DW, the value of the respiration rate due to the reactions involved
in DW dissipation not associated with ATP synthesis was subtracted.
2.5. Discrimination between proton-leak and redox-slip processes:
experimental design
Malonate titration of oligomycin-inhibited respiration represents
proton-leak kinetics if there is no change in the number of protons
pumped per oxygen consumed during the titration (i.e. H+/O has to
be independent of membrane potential and respiration rate). In light
of the above, the eventual diﬀerence in malonate titration due to T2
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[21,22] to ﬁnd out if T2 is able to induce a change in the H+/O ratio
(which can be dependent or independent of Dp and/or respiration rate).
Addition of FCCP to mitochondria causes an increase in proton
conductance that is independent of Dp. The relation between the extra
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(for more details see Refs. [21,22]), where CFCCP represents the conduc-
tance due to FCCP (which is constant for each FCCP concentration).
In graphs generated by plotting DJ0/FCCP as a function of Dp, the
slope is proportional to H+/O, and thus by comparing the slopes in the
presence and absence of a putative slip-inducer (in our case, T2) it is
possible to estimate the change in the H+/O ratio. For details on the
information that can be extrapolated from graphs see Refs. [21,22].
To obtain the relationship between the DJ0 caused by a small
amount of FCCP and Dp, experiments were performed using malonate
titration of oligomycin-inhibited respiration in the absence or presence
of either 3 or 6 nM FCCP.
2.6. Statistical analysis
Data were analysed using a Students t-test, a P value less than 0.05








0 100 200 300 400 500













0 100 200 300 400 500








0 100 200 300 400 500




Fig. 1. Kinetic responses shown by proton leak (A), phosphorylating
system (B) and substrate oxidation (C) to a change in DW: comparison
between hypothyroid (hypo) and hypothyroid T2-treated (hypo + T2)
mitochondria. Data points are means ± S.E. for 9, 4 and 3 independent
experiments (for proton leak, phosphorylating system and substrate
oxidation, respectively).3. Results
3.1. Respiratory parameters in mitochondria isolated from
skeletal muscle of hypothyroid control and hypothyroid T2-
treated rats
In skeletal muscle mitochondria from hypothyroid control
animals values of State 3 and State 4 respiration rates,
expressed as nAtoms O/min mg protein, were 360 ± 30 and
154 ± 17, respectively. Both State 3 and State 4 were signiﬁ-
cantly enhanced in hypothyroid T2-treated rats (by 27% and
42%, respectively, vs. hypothyroid control rats; P < 0.05), the
actual values (expressed as nAtoms O/min mg protein) being
456 ± 16 for State 3 and 218 ± 17 for State 4.
The stimulatory eﬀect of T2 on respiratory parameters was
not abolished by both actinomycin D and cycloheximide. In
fact, in hypo + T2 + actinomycin D group State 3 and State
4 were increased by 30% and 40%, respectively, vs.
hypo + actinomycin D control rats, P < 0,05 in each case.
The actual values of State 3 being 355 ± 22 and 461 ± 22 in
hypo + actinomycin D and hypo + T2 + actinomycin D,
respectively; the values of State 4 being 148 ± 17 and 207 ± 7
in hypo + actinomycin D and hypo + T2 + actinomycin D,
respectively.
In hypo + T2 + cycleoximide group State 3 and State 4 were
increased by 27% and 35%, respectively vs. hypo + cycloexi-
mide control rats, P < 0,05 in each case. The actual values of
State 3 being 350 ± 10 and 444 ± 13 in hypo + cycloheximine
and hypo + T2 + cycloheximide, respectively, the values of
State 4 being 137 ± 10 and 185 ± 9 in hypo + cycloeximide
and hypo + T2 + cycloeximide, respectively.
3.2. Kinetic responses of substrate oxidation, phosphorylation
system and proton leak to changes in membrane potential
(DW) in skeletal muscle mitochondria isolated from
hypothyroid-control and hypothyroid T2-treated rats
We next tried to identify the subsystems that are possible
targets for T2 (and which therefore may be responsible for
the increase in the mitochondrial respiration rate describedabove) by performing top-down elasticity analysis. Fig. 1,
which illustrates the kinetic responses of proton leak (A), phos-
phorylating system (B) and substrate oxidation (C) to changes
in DW, shows that the kinetic response of proton leak to
changes in DW (Fig. 1A) was aﬀected by T2. Indeed, at any gi-
ven membrane potential, mitochondria from hypothyroid-T2-
treated rats showed a higher respiration rate. This result,
which means that hypothyroid-T2-treated mitochondria need
to respire at a higher level than hypothyroid-control ones to
maintain the same membrane potential, suggests that T2 is
able to induce an uncoupling.
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ing system is not primarily aﬀected by T2 since the plots from
hypothyroid-control and hypothyroid-T2-treated mitochon-
dria were superimposable (Fig. 1B). In addition, a stimulation
of substrate oxidation occurred in hypothyroid-T2-treated
mitochondria (compared to hypothyroid-control ones). In
fact, at any given mitochondrial membrane potential, mito-
chondria from the hypothyroid-T2-treated group showed a
higher respiration rate (Fig. 1C).
3.3. Discrimination between proton leak and redox slip
Although the data obtained by malonate titration of oligo-
mycin-inhibited respiration clearly indicate that an uncoupling
is taking place, they do not reveal whether it is the consequence
of an increased proton conductance or of a failure in proton
pumping during electron transport. We discriminated between
these two possibilities by applying the method described by
Brand et al. [21,22].
Fig. 2 shows malonate titration of oligomycin-inhibited res-
piration and membrane potential in the absence and presence
of a sub-maximal amount of FCCP (3 or 6 nM). The data in
Fig. 2A and B relate to hypothyroid-control and hypothy-
roid-T2-treated mitochondria, respectively. From these
graphs, we extracted the data necessary to obtain the relation
DJ0/FCCP = Dp Æ const/H
+/O (1). Actually, at any given mem-
brane potential we extracted the value of the additional respi-
ration induced by the presence of FCCP (DJ0/[FCCP]). The
above relation (1) is illustrated for hypothyroid-control and
hypothyroid-T2-treated mitochondria in Fig. 2C and D,
respectively. For each mitochondrial preparation the plot
was linear (r = 0.84 and 0.91 for hypothyroid-controlhypo
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Fig. 2. Malonate titrations of oligomycin-inhibited respiration and DW w
hypothyroid T2-treated (hypo + T2) (B) mitochondria. Plots of DJ0/FCC
(hypo + T2) mitochondria are shown in C and D, respectively. DJ0 is the di
interpolated value at the same Dp with FCCP absent. The data points in pane
are means ± S.E. for 4–5 independent experiments.and hypothyroid-T2-treated mitochondria, respectively; P <
0.0001) and the two plots showed the same slope (0.38 and
0.39 for hypothyroid-control and hypothyroid T2-treated-
mitochondria, respectively). These results indicate that the
administration of T2 to hypothyroid rats does not induce
any signiﬁcant change in the overall respiratory chain H+/O ra-
tio.
We interpreted the above results as indicating that the T2-in-
duced changes revealed by malonate titration of oligomycin-
inhibited respiration are solely attributable to an increase in
mitochondrial proton leak.4. Discussion
Here we show that, in hypothyroid rats, skeletal muscle
energy transduction apparatus is signiﬁcantly inﬂuenced by
T2 (both coupled and uncoupled respiration rates were signif-
icantly increased following the injection of T2) and individuate
those subsystems that might be responsible for the increases in
the animals metabolic rate [7,8]. The lack of eﬀect of the
simultaneous administration of actinomycin D on the rapid
stimulatory eﬀect of T2 on bioenergetic parameters allow us
to exclude the involvement of new transcription and thus,
likely, a role of nuclear thyroid hormone receptor (TR) path-
ways. The administration of cycloheximide also failed to inhi-
bit the stimulatory eﬀect of T2, further supporting the
exclusion of transcription and translation pathways pointing
toward the activation of pre-existing elements.
The eﬀect of T2 on coupled respiration is exclusively due to
an increase in the activity of the reactions involved in thehypo+T2
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ences in the kinetics of the phosphorylating system were
detected (Fig. 1B). Increases in the substrate-oxidation block
are known to be due to various factors [17] such as altered
activities of mitochondrial dehydrogenases, an increase in sub-
strate transport and increased activities of respiratory chain
complexes. In view of the rapid action of T2, its eﬀect on the
above block is more likely to be due to an alteration in the
kinetic properties of the block than to increased concentrations
of the molecular components.
Concerning the eﬀect of T2 on uncoupled respiration, our re-
sults indicate that this eﬀect is due to increases in both (a) the
activities of the reactions involved in substrate oxidation
(Fig. 1C) and (b) the proton leak (Fig. 1A). Although the
uncoupling eﬀect of T2 (obtained by malonate titration of oli-
gomycin-inhibited respiration (Fig. 1A)) could be due to ac-
tions on either proton-leak or redox-slip processes, our data
show that it is an increase in mitochondrial proton conduc-
tance, rather than a failure in proton pumping during electron
transport, that mediates the uncoupling eﬀect of T2 and that
the administration of T2 to hypothyroid-control rats does
not induce any signiﬁcant change in the overall respiratory
chain H+/O ratio.
A previous study showed that the addition of T2 to a recon-
stituted cytochrome-c-oxidase (COX) complex (isolated from
the bovine heart) reduced the respiratory control ratio
(RCR) of the complex (measured, at 25 C, as the ratio of res-
piration in the presence of uncouplers over that in their ab-
sence) when the experiment was performed in the presence of
intraliposomal ATP, but not in the presence of ADP [23].
The same authors concluded that under conditions of low en-
ergy-utilisation (high ATP/ADP ratio), as well as at rest, T2 in-
duces a redox slip in cytochrome oxidase [24]. The discrepancy
between these data and the present results may be more appar-
ent than real, but several possible reasons for it need to be con-
sidered: (1) the system used by the previous authors was an
‘‘in vitro’’ one consisting of a reconstituted COX complex iso-
lated from the heart; (2) the incubation temperature used for
the assays diﬀers between the two studies, and indeed it has
been shown that while at 25 C the major contribution to
uncoupled respiration is made by redox slip, at the physiolog-
ical temperature of 37 C proton leak becomes predominant
[25] and (3) our data relate to proton-leak kinetics in intact
mitochondria and do not exclude a diﬀerent, speciﬁc eﬀect of
T2 on the isolated COX complex.
The rapid eﬀect of T2 on mitochondrial parameters and in
particular on proton leak may have important meaning as there
is evidence that leak accounts for 20–25% of resting metabolic
rate (RMR) in rodents [16], and proton leak is estimated to ac-
count for 52% of the resting muscle oxygen consumption in
studies of intact skeletal muscle in the rat [17]. Proton leak
was thus proposed as an important factor contributing to
RMR and the ability of T2 to promptly aﬀect mitochondrial
skeletal muscle proton leak could represent one of the mecha-
nisms underlying the rapid eﬀect of T2 on RMR. Despite the
mechanisms by which proton leak occurs are not completely
understood, the available evidence suggest that both phospho-
lipids and proteins in the mitochondrial inner membrane are
important determinants of proton conductance [26]. Among
mitochondrial proteins, adenine nucleotide translocase (ANT)
and uncoupling protein-3 (UCP-3), both belonging to the mito-
chondrial anion-carrier, are putative candidates for mediatingthe uncoupling eﬀect of T2 in skeletal muscle mitochondria
[27,28]. In particular, UCP3 seems to be a molecular determi-
nant for the regulation of resting metabolic rate by TH [29].
As the eﬀect of T2 on skeletal muscle energy transduction appa-
ratus is very rapid and independent of de novo protein synthe-
sis, it presumably involves an activation of pre-existing
mitochondrial components. Due to their biochemical proper-
ties, both UCP3 and ANT might represent a target for T2 ac-
tion, but, although this is a fascinating hypothesis, further
study are needed to clarify this aspect.
Taken as a whole, the present data demonstrate that: (a)
skeletal muscle mitochondrial activity is rapidly aﬀected by
T2; (b) the eﬀects of T2 are independent of transcription/trans-
lation and (c) a change in the eﬃciency of the skeletal muscle
mitochondrial energy-transduction apparatus, attributable to
an increase in proton leak, associated with an increase in sub-
strate-oxidation activity may be one of the mechanisms under-
lying the rapid eﬀect of T2 on metabolic rate.Acknowledgement: This work was supported by Grant MIUR-COFIN
2002 Prot 2002058717; REGIONE CAMPANIA 2005 Prot 2005 0166
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